A b s t r a c t
The o u t p u t o f a shipboard-mounted Doppler C u r r e n t P r o f i l e r (DCP) i s a p r o f i l e o f w a t e r v e l o c i t y . 
r c o n c e p t and numerical f i l t r a t i o n t o o b t a i n e s t i m a t e s o f a b s o l u t e w a t e r v e l o c i t i e s : gi s described. The c o s t o f u s i n g t h i s p r o c e s s i s t h e l o s s o f i n f o r m a t i o n c o n c e r n i n g t h e 0 v a r i a t i o n o f a b s o l u t e w a t e r v e l o c i t i e s a t p e r i o d s l e s s t h a n -1/2 hours. Once the problem o f i n a c c u r a t e n a v i g a t i o n i s s o l v e d , t h e r e a r e s t i l l t w o p r o b l e m s t h a t c a n a f f e c t t h e q u a l i t y o f a b s o l
U t e w a t e r v e l o c i t y e s t i m a t e s . These FIGURE 1 : A one-minute averaged profile (1 00 p r o b l e m s a r i s e f r o m s m a l l e r r o r s i n t h e h e a d i n g p i n g s ) o f t h e w a t e r v e l o c i t y i n e a c h d 
e p t h b i n a s c r i b e d t o t h e s h i p and t o t h e speed c a l i b r ar e l a t i v e t o t h e s h i p . T h i s i s t h e p r i m a r y t i o n o f t h e

)l. T h i s t a l k w i l l d i s c u s s t h e c o nv e r s i o n o f D o p p l e r d a t a f r o m t h e b a s i c o u t p u t d a t a o f a system, which are estimates of the w a t e r v e l o c i t y i n v a r i o u s d e p t h b i n s r e l a t i v e t o t h e s h i p , i n t o e s t i m a t e s o f a b s o l u t e w a t e r v e l o c i t i e s r e l a t i v e t o t h e e a r t h . I t should be emphasized t h a t t h e p r o c e s s e s d e s c r i b e d h e r e i n
o n l y a p p l y t o e s t i m a t e s o f a b s o l u t e w a t e r currents. Another product derivable from the Doppler output i s c u r r e n t shear which i s i nv a r i a n t t h r o u g h a l l t h e p r o c e s s e s d e s c r i b e d i n t h i s p r e s e n t a t i o n . 103.0 oa/s -217.6 om/s FIGURE 2: The same p r o f i l e as shown i n F i g u r e 1 w i t h a r e f e r e n c e 1 a y e r c a l c u l a t i o n made. The r es u l t s a r e v e l o c i t y e s t i m a t e s o f t h e s h i p r e l a t i v e t o t h e r e f e r e n c e l a y e r and o f t h e w a t e r i n each d e p t h b i n r e l a t i v e t o t h e r e f e r e n c e l a y e r .
One method o f d e r i v i n g an e s t i m a t e o f t h e s h i p ' s v e l o c i t y s o l e l y f r o m t h e D o p p l e r d a t a i s t h e u s e o f a r e f e r e n c e l a y e r c o n c e p t . The s h i p ' s v e l o c i t y i s common t o a l l d e p t h b i n s , so if a s u b s e t o f t h e b i n v e l o c i t i e s i s a v e r a g e d , t h e n t h e n e g a t i v e v a l u e o f t h i s a v e r a g e r e p r e s e n t s an e s t i m a t e o f t h e s h i p ' s v e l o c i t y r e l a t i v e t o t h e r e f e r e n c e 1 ayer.
I f t h e r e f e r e n c e 1 ayer a v e r a g e v e l o c i t y i s s u b t r a c t e d f r o m e v e r y b i n v e l o c i t y e s t i m a t e , a p r o f i l e o f w a t e r v e l o c i t i e s r e 1 a t i v e t o t h e r e f e r e n c e 1 a y e r r e s u l t s . The r e s u l t o f t h i s s t e p on t h e p r o f i l e shown i n F i g u r e 1 i s shown i n F i g u r e 2.
I f t h e r e i s some reason for assuming the average motion in t h e r e f e r e n c e l a y e r i s a c t u a l l y z e r o , t h e n t h e p r o c e s s o f o b t a i n i n g a b s o l u t e v e l o c i t i e s i s c o m p l e t e ; b u t t h i s i s p r a c t i c a l l y n e v e r t h e case. There i s one s i t u a t i o n where t h i s s t e p w o u l d b e s u f f i c i e n t .
I f t h e s h i p i s o p e r a t i n g i n s h a l l ow water and the Doppler system pings t h e b o t t o m as w e l l as the water column, then the bottom return can be used as a r e f e r e n c e l a y e r o f known z e r o v e l o c i t y . I n v a r i a b l y , t h e r e f e r e n c e l a y e r w i l l be moving; therefore, some independent measure o f s h i p ' s v e l o c i t y i s needed t o c o n v e r t t h e p r o f i l e s i n t o a b s o l u t e v e l o c i t i e s . F i g u r e 3 shows t h e p r o f i l e used i n F i g u r e 2 a f t e r t h e a One: the shear, or shape o f t h e p r o f i l e , i s unaffected by these steps.
As was s a i d p r e v i o u s l y , i f shear i s t h e d e s i r e d p r o d u c t then i t i s n o t n e c e s s a r y t o w o r r y a b o u t t h e m o t i o n o f t h e s h i p .
Two: t h e r e f e r e n c e l a y e r s t e p i s handy i n t h a t i t gives a good f i r s t d e g r e e e s t i m a t e o f t h e s h i p ' s m o t i o n w h i c h c a n be compared t o s h i p ' s h e a d i n g and speed d a t a as a check on whether the Doppler i s working p r o p e r l y .
I f t h e s h i p i s g o i n g q u i t e f a s t i n r e l a t i v e l y q u i e s c e n t w a t e r , t h e n t h e r e f e r e n c e l a y e r s t e p w i l l be q u i t e r e l i a b l e . B u t i n t h e case shown h e r e , w i t h t h e s h i p t r a v e l i n g a t about 5 k n o t s i n a 2 k n o t c u r r e n t f i e l d , t h e use o f n a v i g a t i o n i s r e q u i r e d . FIGURE 3: The same p r o f i l e as shown i n F i g u r e s 1 and 2 w i t h an i n d e p e n d e n t e s t i m a t e o f t h e a b s o l u t e s h i p ' s v e l o c i t y added. The r e s u l t s a r e , e s t i m a t e s o f t h e a b s o l u t e v e l o c i t y o f t h e water i n each depth bin.
A t f i r s t t h o u g h t , t h e u s e o f a r e f e r e n c e i s an i n t e r m e d i a t e s t e p t h a t i s n o t n e c e s s a r y i f t h e a b s o l u t e m o t i o n o f t h e s h i p , d e r i v e d f r o m n a v i g a t i o n , i s t o b e used. The n a v i g a t i o n estimates are much n o i s i e r t h a n t h e D o p p l e r e s t i m a t e s f o r c i n g some form o f smoothing. A r e p r e s e n t a t i v e o f t h e D o p p l e r d a t a needs t o be smoothed i n t h e same manner t o a v o i d f i l t e r e f f e c t s d u r i n g s h i p ' s maneuvers. The Doppler e s t i m a t e s o f s h i p ' s v e l o c i t y r e l a t i v e t o t h e r e f e r e n c e l a y e r h a n d l e s t h i s j o b n i c e l y .
The n e x t s e c t i o n w i l l d i s c u s s t h e p a r t i c u l a r p r o b l e m s i n v o l v e d i n u s i n g LORAN-C d e r i v e d e s t i m a t e s o f a b s o l u t e s h i p ' s v e l o c i t y . I t should be kept i n m i n d t h a t o t h e r e s t i m a t e s a r e a v a i l a b l e .
The use of bottom-ref1 ected Doppler data can be v e r y e f f e c t i v e i n s h a l l ow water. The new GPS s a t e l l i t e system now coming on l i n e i s v e r y p r o m i s i n g . B u t f o r t h e n e x t f e w y e a r s , LORAN-C n a v i g a t i o n w i l l be t h e m o s t r e a d i l y a v a i l a b l e f o r m o f a c c u r a t e n a v i g a t i o n .
Merging LORAN-C D a t a w i t h DCP Data 
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2100 2300 100 300 SO0 700 WO 1100 13w 1500 1700 1-2100 FIGURE 4: Twenty-four hours of one-minute a v e r a g e d e s t i m a t e s o f t h e v e l o c i t y o f t h e s h i p r e 1 a t i v e t o t h e r e f e r e n c e 1 ayer from the Doppler data.
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d e r i v a t i o n o f a b s o l u t e s h i p ' s v e l o c i t i e s i s f a i r l y s t r a i g h t f o r w a r d .
The LORAN-C system used was a Northstar-7000 which produced a p o s i t i o n e s t i m a t e e v e r y t h r e e seconds. These data were averaged for 1.0 minutes and then a v e l o c i t y e s t i m a t e was made b y u s i n g t h e d i fference, i n cm, o f p o s i t i o n f r o m t h e m i n u t e a f t e r t h e m i n u t e o f i n t e r e s t m i n u s t h e p o s i t i o n f r o m t h e m i n u t e b e f o r e t h e m i n u t e o f i n t e r e s t and d i v i d i n g by 120 seconds.
An o p t i o n a v a i la b l e on t h e N o r t h s t a r -7 0 0 0 a l l o w s t h e u s e r t o smooth i t s o u t p u t by u s i n g t h e seven minutes o f d a t a p r i o r t o e a c h e s t i m a t e .
I t was decided n o t t o use t h i s f e a t u r e s i n c e t h i s i s n o t a symmetric f i l t e r and t h e LORAN-C data would n o t r e a c t t o s h i p ' s t u r n s i n t h e same manner as the Doppler. Therefore, the LORAN-C d a t a shown here w i l l be n o i s i e r f o r p e r i o d s l e s s t h a n seven minutes than normal usage, w i t h t h e f i l t e r , w o u l d i n d i c a t e . 
I t i s obvious t h a t . t h e s e e s t i m a t e s a r e much n o i s i e r t h a n t h e Doppler estimates. I t i s a1 so c l e a r t h a t t h e U ( e a s t ) component i s much n o i s i e r t h a n t h e V ( n o r t h ) component and t h a t b o t h components are n o i s i e r a t n i g h t . A n a l y s i s o f t h i s d a t a i n d i c a t e s t h a t t h e V component i s a c c u r a t e t o a b o u t 1 0 cm/s (ranging from -7 cm/s t o -14 cm/s) and t h e U component Is a c c u r a t e t o a b o u t 28 cm/s (ranging from -1 3 cm/s t o -40 cm/s). The d i f f e r e n c e i n n o i s e l e v e l s between the components i s probably due t o geography ( t h e p o s i t i o n o f t h e s h i p r e l at i v e t o t h e t w o LORAN-C b r o a d c a s t i n g s t a t i o n s ) and t h e i n c r e a s e o f n o i s e a t n i g h t i s p r o b a b l y r e l a t e d t o n i g h t t i m e i o n o s p h e r e e f f e c t s . On t h e p l u s s i d e , t h e b a s i c a c c u r a c y o f t h e LORAN-C e s t i m a t e s i s s u p p o r t e d b y t h e
same general c h a r a c t e r o f t h e t w o s h i p ' s v e l o c i t y e s t i m a t e s --i n p a r t i c u l a r , t h e c o u r s e r e v e r s a l s a r e as o b v i o u s i n t h e LORAN-C estimates as t h e y a r e i n the Doppler estimates. 1100 1300 1500 1700 ' $00 2100
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FIGURE 5: Twenty-four hours o f 1.0
minute e s t i m a t e s o f t h e a b s o l u t e v e l o c i t y o f t h e s h i p r e l a t i v e t o t h e e a r t h f r o m t h e LORAN-C data. T h i s i s t h e same t i m e p e r i o d shown i n F i g u r e 4.
F i g u r e 6 then shows 24 h o u r s o f 1.0 minute e s t i m a t e s o f t h e w a t e r ( r e f e r e n c e l a y e r ) v e l o c i t y e s t i m a t e s f o r t h e same period, found by subt r a c t i n g t h e D o p p l e r s h i p ' s v e l o c i t y e s t i m a t e s (Figure 4 ) from the LORAN-C s h i p ' s v e l o c i t y estimates ( Figure  5 ).
It i s e v i d e n t t h a t aT.9 t h e LORAN-C n o i s e p a s s e d t h r o u g h t h i s s u b t r a c t i o n ,
b a d l y c o n t a m i n a t i n g t h e w a t e r v e l o c i t y e s t i m a t e s . Also, the basic accuracy of the two systems i s s u p p o r t e d s i n c e t h e s h i p ' s c o u r s e r e v e r s a l s do n o t a f f e c t t h e e s t i m a t e s o f t h e w a t e r v e l o c i t i e s . 
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FIGURE 6: Twenty-four hours of
minute e s t i m a t e s o f t h e a b s o l u t e v e l o c i t y o f t h e r e f e r e n c e l a y e r f o u n d by s u b t r a c t i n g t h e D o p p l e r estimates (Figure 4) f r o m t h e LORAN-C estimates ( F i g u r e 5).
w i t h component and w i t h t i m e o f day, some very sophisticated smoothing could be performed u s i n g f i l t e r s w i t h d i f f e r e n t c h a r a c t e r i s t i c s f o r each component and d u r i n g d i f f e r e n t t i m e s o f day. T h i s was n o t done because i t was f e l t t h a t it would not be worth the effort. Theref o r e , i t was decided t o f i n d one smoothing p r o c e s s t h a t c o u l d b e a p p l i e d t o t h e e n t i r e data set.
The data set from which the examp1 es were taken was a 1 0 day experiment.
D u r i n g t h i s e x p e r i m e n t t h e s h i p d i d a l o t o f maneuvering, so s p e c t r a o f s h i p ' s v e l o c i t y e s t i m a t e s a r e i n f o r m a t i v e .
F i g u r e 7 shows s p e c t r a o f 1 0 d a y s o f
.O minute U ( e a s t ) component e s t i m a t e s o f t h e LORAN-C a b s o l u t e s h i p . ' s v e l o c i t y (SHIP-NAV), o f t h e Doppl e r r e l a t i v e s h i p ' s v e l o c i t y
(SHIP-DCP) and o f t h e r e f e r e n c e l a y e r v e l o c i t y (REF. Lay.). The SHIP-NAV spectrum'has been raised one decade for c l a r i t y . Two v e r t i c a l b a r s a r e i n d i c a t e d on the spectra.
These b a r s a r e a t f r e q u e n c i e s t h a t c o r r e s p o n d t o p e r i o d s o f 8.33 minutes and 33.33 minutes. A t an average ship's speed o f 5 k t s . t h e s e p e r i o d s c o r r e s p o n d t o l e n g t h s c a l e s o f 1.25 km and 5 km r e s p e c t i v e l y . The " r e d " n a t u r e o f t h e t w o s h i p ' s v e l o c i t y s p e c t r a i s a r e s u l t o f t h e t y p e s o f maneuvers the ship was put through.
An i n t e r e s t i n g a s p e c t o f t h e SHIP-DCP spectrum i s t h a t i t does not reach a n o i s e f l o o r . concluded that the accuracy of the Doppler e s t i m a t e s o f t h e s h i p ' s r e l a t i v e v e l o c i t y i s l e s s t h a n 2.4 cm/s. I t i s f e l t from other t e s t s t h a t t h e D o p p l e r a c c u r a c y i s a b o u t 1 cm/s.
When t h e SHIP-NAV spectrum i s analyzed, a n o i s e f l o o r i s q u i t e a p p a r e n t . The break from a "red" spectrum t o a " w h i t e " one occurs at a frequency of about 3 x 10-3 Hz or about 6 minutes. The SHIP-NAV spectrum l o o k s good down t o t h i s p o i n t and t h i s e x p l a i n s why t h e NAVSTAR-7000 has a 7 minute smoothing o p t i o n i n i t s e l e c t r o n i c s . B u t when t h e REF-LAY spectrum i s examined, i t i s a p p a r e n t t h a t this spectrum reaches a n o i s e l e v e l a t a frequenc c o r r e s p o n d i n g t o a p e r i o d o f 30 t o 35 minutes i n d i c a t i n g t h a t t h e r e a r e some a r t i f i c i a l v a r i a t i o n s i n t h e LORAN-C estimates between 8 and 35 minutes. Indeed, when t h e t w o s e r i e s were f i l t e r e d w i t h a symmetric low-pass taperedc o s i n e f i l t e r w i t h a o n e -h a l f a m p l i t u d e c u t o f f f r e q u e n c y c o r r e s p o n d i n g t o 8.33 minutes, there was a g r e a t d e a l o f e n e r g y i n t h e 8-35 minute band i n t h e SHIP-NAV v e l o c i t y t h a t was n o t p r e s e n t i n t h e SHIP-DCP v e l o c i t y . 
t i o n s t h a t w o u l d show up i n t h e LORAN-C d a t a b u t n o t i n t h e Doppler data. But examination of the data i n d i c a t e d t h a t t h e amount o f SHIP-NAV energy i n t h i s band was so g r e a t t h a t i t probably was due t o some s o r t o f e l e c t r o n i c "wow1' i n t h e LORAN-C system. It was t h e r e f o r e c o n c l u d e d t h a t b o t h t h e SHIP-NAV and t h e SHIP-DCP d a t a s e r i e s needed t o be smoothed w i t h a symmetric low-pass taperedc o s i n e f i l t e r w i t h a o n e -h a l f a m p l i t u d e c u t -o f f f r e q u e n c y c o r r e s p o n d i n g t o 33.33 minutes. As was s t a t e d p r e v i o u s l y , f i l t e r i n g b o t h s h i p ' s v e l o c i t y r e c o r d s i s n e c e s s a r y t o a v o i d h a v i n g
any f i l t e r e f f e c t s show up i n t h e r e f e r e n c e l a y e r v e l o c i t y e s t i m a t e s d u r i n g any k i n d o f s h i p ' s maneuvering.
F i g u r e 8 shows t h e d a t a shown i n F i g u r e s 4, 5 and 6 a f t e r t h e f i l t r a t i o n has been applied. N o t i c e t h a t a l l t h e f e a t u r e s i n t h e SHIP-DCP data appear i n t h e SHIP-NAV data, but some energy s t i l l e x i s t s i n t h e SHIP-NAV d a t a t h a t does n o t e x i s t i n t h e SHIP-DCP data and i s passed through t o t h e WATER ( r e f e r e n c e l a y e r velocity) data. For example, the period from 0700 t o 0800 GMT i n t h e U ( e a s t ) component. 
F i g u r e s 5 and 6 show t h i s t o b e t h e t i m e o f g r e a t e s t n o i s e i n t h e LORAN-C estimates. T h e r e f o r e , t h e f i l t e r s t i l l d i d n o t smooth t h e data enough. P e r i o d s l i k e t h i s a r e r a r e and t h e f i l t r a t i o n p r o c e s s has a l r e a d y s a c r i f i c e d a l l i n f o r m a t i o n as t o w a t e r v e l o c i t y v a r i a t i o n s a t l e n g t h s c a l e s l e s s t h a n 5 km so i t was d e c i d e d t o l e a v e t h e d a t a i n t h i s f o r m .
Y e s t i m a t e s o f a b s o l U t e s h i p v e l o c i t y (SHIP-NAV), Therefore, when merging LORAN-C d a t a w i t h D o p p l e r d a t a t o o b t a i n a b s o l U t e w a t e r v e l o c i t i e s , much o f t h e i n h e r e n t a c c u r a c y and s p a t i a l r e s o l u t i o n o f t h e D o p p l e r d a t a n e e d s t o b e s a c r i f i c e d i n o r d e r t o m a t c h i t up w i t h t h e r e l a t i v e l y n o i s y LORAN-C data. Again, i t must b e s t a t e d t h a t t h i s p r o c e s s does n o t a f f e c t t h e shear data. The f u l l a c c u r a c y and s p a t i a l r e s o l u t i o n o f t h e D o p p l e e r s y s t e m i s a v a i l ab1 e i f i t i s s h e a r s t h a t a r e b e i n g examined.
Heading and Speed
C a l i b r a t i o n E r r o r s The p r e v i o u s s e c t i o n d i s c u s s e d t h e p r o b l e m s o f c o n v e r t i n g D o p p l e r r e l a t i v e v e l o c i t i e s t o a b s o l u t e v e l o c i t i e s u s i n g n o i s y but b a s i c a l l y a c c u r a t e n a v i g a t i o n d a t a .
U n f o r t u n a t e l y , n o i s y n a v i g a t i o n i s n o t t h e o n l y p r o b l e m f a c e d when c o n v e r t i n g D o p p l e r r e l a t i v e v e l o c i t i e s i n t o a b s o l u t e v e l o c i t i e s .
Even i f t h e n a v i g a t i o n d a t a w e r e p e r f e c t , t h e r e a r e some small problems t h a t c a n b i a s t h e a b s o l u t e e s t i m a t e s i g n i f i c a n t l y . The two problems that w i l l be b r i e f l y d i s c u s s e d a r e t h o s e r e l a t i n g t o a heading error and t o a D o p p l e r s p e e d c a l i b r a t i o n e r r o r .
I n t h e I n t r o d u c t i o n , it i s s t a t e d t h a t t h e b a s i c o u t p u t o f a Doppler system i s a p r o f i l e o f t h e w a t e r v e l o c i t i e s r e l a t i v e t o t h e s h i p . T h i s i s a s i m p l i f i c a t i o n . I n r e a l i t y . , t h e basic product i s a p r o f i l e o f w a t e r v e l o c i t i e s r e l a t i v e t o t h e t r a n s d u c e r head i n t h e c o o r d i n a t e system defined by the transducer head. I n o r d e r t o c o n v e r t t h i s d a t a i n t o w a t e r v e l o c i t i e s r e l a t i v e t o t h e s h i p i n e a r t h c o o r d i n a t e s ( a s i n F i g u r e 1 ) p r e c i s e i n f o r m a t i o n i s needed about t h e t r a n s d u c e r c o o r d i n a t e s y s t e m (Beam o r i e n t a t i o n s ) , t h e t r a n s d u c e r ' s a l i g n m e n t w i t h r e s p e c t t o t h e s h i p , and t h e s h i p ' s a l i g n m e n t w i t h r e s p e c t t o t h e e a r t h ( p i t c h , r o l l a n d heading). An e r r o r i n any o f these alignments c a n l e a d t o an e r r o r i n t h e e s t i m a t e s o f t h e r e l a t i v e v e l o c i t i e s t h a t c a n become q u i t e s i g n i f i c a n t when c o n v e r t i n g r e l a t i v e v e l o c i t i e s t o a b s o l U t e v e l o c i t i e s .
As a s i m p l e e x a m p l e o f t h i s t y p e o f p r o b l e m , assume a1 1 t h e a1 ignments are exact except for t h e p i t c h .
Assume t h a t when t h e p i t c h s e n s o r reads O.Oo, t h e t r a n s d u c e r a r r a y i s a c t u a l l y tipped up by 1 .Do. I f t h e s h i p i s s t e a m i n g a t 250 cmf s ( 5 k t s ) t h e n t h e D o p p l e r s y s t e m w i l l i n t e r p r e t 1.7% E l 0 0 x s i n (1 ")I o f t h e s h i p s h o r i z o n t a l speed as a v e r t i c a l component. Therefore, the Doppler system w i l l e s t i m a t e t h a t t h e s h i p i s r i s i n g v e r t i c a l l y above t h e s e a s u r f a c e a t a r a t e of 4.25 cm/s. T h i s is an o b v i o u s e r r o r a n d c a n b e c o r r e c t e d f a i r l y e a s i l y ; o t h e r e r r o r s a r e n o t as easy t o assess.
F i g u r e 9 i s a diagram demonstrating aspects o f t h e t y p e o f e r r o r s f o u n d i n c a l c u l a t i n g a b s o l u t e w a t e r v e l o c i t i e s i n t h e p r e s e n c e o f a heading e r r o r . I n t h i s f i g u r e it i s assumed t h a t t h e n a v i g a t i o n d a t a i s p e r f e c t , t h a t t h e
speed of t h e s h i p r e l a t i v e t o t h e r e f e r e n c e l a y e r ( V s ) i s a l w a y s c o n s t a n t a t 250 cm/s, and t h a t t h e a b s o l U t e v e l o c i t y o f t h e r e f e r e n c e 1 ayer (Vw) i s always 100 cmfs either parallel or perpendicul a r t o t h e s h i p ' s heading. The h e a d i n g e r r o r i s s e t a t 5" ccw, which means t h a t t h e s h i p i s progressing 5" t o t h e l e f t o f what the Doppler system records.
The three panels on t o p d e p i c t a s i t u a t i o n where t h e w a t e r m o t i o n i s perpendicul a r t o t h e s h i p ' s heading. The f i r s t panel shows t h e i d e a l s i t u a t i o n w h e r e t h e r e i s no h e a d i n g e r r o r and t h e e s t i m a t e d w a t e r v e l o c i t y would be correct.
The second and t h i r d p a n e l s show w h a t w o u l d b e c a l c u l a t e d f o r a water v e l o c i t y when t h e s h i p , w i t h t h e 5" heading e r r o r , steams e a s t (90") then west (270'). As c a n b e s e e n , t h e d i r e c t i o n a t t r i b u t e d t o t h e water velocity would not change much b u t t h e r e would be a l a r g e v a r i a t i o n i n t h e w a t e r v e l o c i t y magnitude estimates.
D I R E C T I O N E R R O R FIGURE 9:
A d i a g r a m i n d i c a t i n g t h e t y p e s of errors that can be caused by a h e a d i n g e r r o r . T h i s f i g u r e i s e x p l a i n e d i n t h e t e x t .
The v a r i a t i o n o f t h e w a t e r v e l o c i t y f o r a c o u r s e r e v e r s a l i s shown s i n c e t h i s i s t h e o n l y way t o determine i f t h e r e i s an e r r o r . The measured currents should
be c o n s t a n t d u r i n g a c o u r s e r e v e r s a l , but, as can be seen i n t h e u p p e r p o r t i o n o f F i g u r e 9, i f t h e r e i s a heading e r r o r and t h e w a t e r m o t i o n i s p e r p e n d i c u l a r t o t h e s h i p ' s a p p a r e n t c o u r s e , t h e n a l a r g e m a g n i t u d e b u t s m a l l d i r e c t i o n s h i f t w i l l occur i n t h e w a t e r v e l o c i t y e s t i m a t e s .
On t h e o t h e r hand, as can be seen i n t h e l o w e r p a r t o f F i g u r e 9, i f t h e c u r r e n t i s p a r a l l e l t o t h e a p p a r e n t s h i p ' s c o u r s e , t h e n a c o u r s e r e v e r s a l w i l l e s t i m a t e t h e w a t e r v e l o c i t i e s w i t h a small m a g n i t u d e s h i f t and a l a r g e d i r e c t i o n s h i f t .
So t h e c o n c l u s i o n t o b e d r a w n f r o m F i g u r e 9 i s t h a t an e r r o r i n t h e h e a d i n g w i l l cause an e r r o r i n t h e a b s o l u t e v e l o c i t y a t t r i b u t e d t o t h e w a t e r . The c h a r a c t e r i s t i c s o f t h e r e s u l t a n t e r r o r w i l l v a r y w i t h t h e r e l a t i v e o r i e n t a t i o n o f t h e w a t e r v e l o c i t y and t h e s h i p ' s c o u r s e . I n t h i s case, a c o u r s e r e v e r s a l w i l l i n d i c a t e a maximum w a t e r v e l o c i t y m a g n i t u d e s h i f t when t h e w a t e r v e l o c i t y i s p e r p e n d i c u l a r t o t h e s h i p ' s a p p a r e n t course and a maximum d i r e c t i o n s h i f t when t h e w a t e r v e l o c i t y i s p a r a l l e l t o t h e a p p a r e n t s h i p ' s c o u r s e .
I n F i g u r e 1 0 t h e h e a d i n g i s c o n s i d e r e d a c c u r a t e b u t t h e D o p p l e r i s assumed t o undere s t i m a t e t h e speed o f t h e s h i p r e l a t i v e t o t h e r e f e r e n c e l a y e r by 10% (25 cm/s). Examination o f t h i s f i g u r e shows t h a t a c o u r s e r e v e r s a l w i l l i n d i c a t e a maximum w a t e r v e l o c i t y d i r e c t i o n s h i f t when t h e w a t e r v e l o c i t y i s p e r p e n d i c u l a r t o t h e s h i p ' s c o u r s e and a maximum magnitude s h i f t when t h e w a t e r v e l o c i t y i s p a r a l l e l t o t h e s h i p ' s c o u r s e . N o t e t h a t t h e v a r y i n g SPEED ERROR FIGURE 10: A d i a g r a m i n d i c a t i n g t h e t y p e s o f e r r o r s t h a t c a n be caused by a c a l i b r a t i o n e r r o r i n t h e D o p p l e r speeds. T h i s f i g u r e i s e x p l a i n e d i n t h e t e x t .
response on t h e w a t e r v e l o c i t y e s t i m a t e s o f a speed c a l i b r a t i o n e r r o r i s e x a c t l y t h e o p p o s i t e o f t h e v a r y i n g r e s p o n s e t o a heading error.
F i g u r e s 9 and 1 0 d e m o n s t r a t e t h e e f f e c t o f h e a d i n g and speed e r r o r s d u r i n g c o u r s e speed r e v e r s a l s on t h e e s t i m a t i o n o f a b s o l u t e w a t e r v e l o c i t i e s . I t i s f e l t t h a t c o u r s e r e v e r s a l s a r e t h e o n l y way t o f i n d t h e s e e r r o r s . U n f o r t u n a t e l y , one c o u r s e r e v e r s a l i s n o t enough t o q u a n t i f y t h e s e t w o s o u r c e s o f e r r o r because o f t h e t w o d i f f e r e n t and v a r y i n g responses on t h e v e l o c i t y e s t i m a t e s . S e v e r a l c o u r s e r e v e r s a l s , i n d i f f e r e n t d i r e c t i o n s , a r e needed. T h i s t a k e s t i m e w h i c h weakens any assumption about the constancy o f t h e w a t e r c u r r e n t s b e i n g e s t i m a t e d . T h i s i s a n a s t y l i t t l e p r o b l e m f o r w h i c h t h e r e i s no easy sol ution. D u r i n g t h e 1 0 d a y s o f t h e e x p e r i m e n t f r o m w h i c h t h e d a t a shown i n t h i s p r e s e n t a t i o n was drawn t h e r e was one p e r i o d o f 41 hours and another of 17 hours where the ship performed a " s t a r p a t t e r n " maneuver. The s h i p r a n 1 0 km l e g s back and f o r t h a c r o s s a common c e n t e r p o i n t a t d i f f e r e n t a n g l e s .
The estimated water c u r r e n t s a p p e a r e d f a i r l y c o n s t a n t d u r i n g b o t h o f t h e s e p e r i o d s .
By assuming the basic water f l o w was c o n s t a n t o v e r t h e e n t i r e p e r i o d o f each " s t a r p a t t e r n " , an attempt was made t o q u a n t i f y b o t h t h e h e a d i n g a n d speed c a l i b r a t i o n e r r o r s b y n u m e r i c a l l y s e a r c h i n g f o r t h a t p a i r o f h e a d i n g o f f s e t and speed o f f s e t t h a t m i n i m i z e d t h e v a r i a n c e of t h e speed and d i r e c t i o n o f t h e e s t i m a t e d w a t e r v e l o c i t y . The r e s u l t was a h e a d i n g e r r o r 1.2 degrees ccw and a speed e r r o r o f -2.4%. The heading error was n o t a surprise because a 1 t o 2 d e g r e e o f f s e t between the bridge gyro and s c i e n t i f i c l a b g y r o repeaters had been noted during the experiment and t h e w a t c h o f f i c e r s had n o t i c e d a small e r r o r d u r i n g t h e p r e c e d i n g c r u i s e . B u t t h e speed e r r o r was a s u r p r i s e . P r e v i o u s t e s t s had shown t h e D o p p l e r t o b e a very accurate speed e s t i m a t o r , t h o u g h n o n e o f t h e s e t e s t s u t i l i z e d a s e t o f r e p e a t e d c o u r s e r e v e r s a l s . T h e r e a r e several sources o f speed e r r o r . A t t h e s t a r t o f t h i s s e c t i o n , t h e e f f e c t s o f a p i t c h e r r o r were discussed.
I f t h e r e i s a p i t c h e r r o r and some o f t h e s h i p ' s r e l a t i v e v e l o c i t y i s e s t imated as a v e r t i c a l component, then obviously t h e h o r i z o n t a l component i s a f f e c t e d . T h e r e c o u l d b e some e r r o r i n t h e e l e c t r o n i c s , e.g., t h e t r a n s m i t t e d s i g n a l may n o t b e e x a c t l y 300 Khz. The sound speed a t t h e t r a n s d u c e r i s a c r i t i c a l f a c t o r i n c o n v e r t i n g D o p p l e r s h i f t s t o r e l a t i v e v e l o c i t i e s .
The Ametek/Straza System c a l c u l a t e s sound speed by measuring temperature t o t h e n e a r e s t d e g r e e and u s i n g an average s a l i n i t y . The e f f e c t o f a r o l l e r r o r has not been evaluated or estimated.
A l l these problems are small and i t would be d i f f i c u l t t o see how they could cause a 2.4% speed error. Another p o s s i b l e s o u r c e o f e r r o r i s t h e a1 ignments of t h e beams w i t h i n t h e t r a n s d u c e r a r r a y . These alignments have not been t e s t e d i n d e p e n d e n t l y o f t h e m a n u f a c t u r e r s p r o d u c t i o n p r o c e d u r e s . I n a l l , a 2.4% speed e r r o r i s s u r p r i s i n g , b u t t h e r e a r e many s m a l l s o u r c e s o f e r r o r t h a t c o u l d add up t o a b i g enough problem.
On t h e o t h e r hand, t h e a s s u m p t i o n t h a t t h e c u r r e n t s u n d e r t h e " s t a r p a t t e r n s " w e r e c o n s t a n t f o r u p t o 41 hours was p r e t t y weak, so the estimated speed e r r o r o f 2.4% m i g h t i t s e l f b e i n e r r o r .
I t s h o u l d b e c l e a r t h a t , i n e s t i m a t i n g a b s o l u t e v e l o c i t i e s , t h e r e a r e o t h e r s o u r c e s o f e r r o r b e s i d e s n o i s y n a v i g a t i o n d a t a .
The p r o c e s s o f e s t i m a t i n g a b s o l U t e v e l o c i t i e s i s one t h a t demands a l o t o f c a r e f u l , p a i ns t a k i n g work.
Concl u s i o n
The c o n v e r s i o n o f D o p p l e r d a t a i n t o e s t i m a t e s o f a b s o l u t e w a t e r v e l o c i t i e s i s a t r i c k y p r o c e s s . The w o r s t a s p e c t o f t h e p r o b l e m i s t h e r e l a t i v e l y poor accuracy o f LORAN-C n a v i g a t i o n . The p r i c e p a i d f o r t h e n e c e s s a r y m u t u a l s m o o t h i n g o f t h e LORAN-C and D o p p l e r e s t i m a t e s o f s h i p ' s v e l o c i t y i s t h e l o s s o f s h o r t e r p e r i o d r e s o l u t i o n o f w a t e r v e l o c i t y v a r i a t i o n s . A n o t h e r a s p e c t o f t h e p r o b l e m a r e t h e e f f e c t s o f s m a l l e r r o r s i n t h e a1 ignment o f t h e beams r e 1 a t i v e t o t h e t r a n s d u c e r a r r a y , t h e a r r a y r e l a t i v e t o t h e s h i p , o r t h e s h i p r e l a t i v e t o t h e e a r t h . Examples o f t h e e f f e c t s o f t h e s h i p ' s h e a d i n g e r r o r and D o p p l e r c a l i b r a t i o n e r r o r i n d i c a t e t h a t s m a l l e r r o r s i n a l i g n m e n t c a n have s i g n i f ic a n t e f f e c t s t h a t a r e d i f f i c u l t t o q u a n t i f y .
I would 1 i k e t o p o i n t o u t t h a t i f n o i s y LORAN-C n a v i g a t i o n a p p e a r s t o b e t h e w e a k e s t a s p e c t o f a n i n t e g r a t e d D o p p l e r s y s t e m , t h e s t r o n g e s t a s p e c t seems t o be the Doppler concept i t s e l f .
I cannot prove it, b u t I f e e l t h a t t h e p r o c e s s o f s e n d i n g a narrow-band acoustic signal o u t a l o n g a narrow beam, and e s t i m a t i n g t h e D o p p l e r s h i f t o f t h e r a n g e -g a t e d r e t u r n s i g n a l 
